Optical networks form an integral part of the world-wide communication infrastructure and nowadays over 95% of data traffic is carried over fibres. Erbium-doped fibre amplifiers (EDFAs) and Raman amplifiers have made it possible to extend the usable fibre bandwidth to increase the achievable capacity of optical communications in past decades to meet the ever-growing information rate demands. However, these amplification technologies are now viewed as limiting the accessible optical spectrum to ~5 THz and ~10 -15 THz, respectively. Currently, the presence of Kerr effects in fibre channels has been largely regarded as the major bottleneck for enhancing achievable information rates of optical communications. Signal performance degradations due to fibre nonlinearities are more severe in the systems utilising larger transmission bandwidths, closer channel spacing and higher-order modulation formats. In this work, we will study the impact and compensation of Kerr effects to analyse the performance of long-haul optical fibre communication systems using EDFAs and Raman amplifiers. Achievable information rates of such ultra-wideband optical transmission systems will be discussed considering nonlinearity compensation and probabilistic shaping techniques. Keywords: optical fibre communications, achievable information rate, Kerr fibre nonlinearity, erbium-doped fibre amplifiers, Raman amplifiers, probabilistic shaping.
INTRODUCTION
Optical fibre communications have achieved unprecedented growth and success over past three decades and now stands alone as the enabling technology that underpins the global information infrastructure. Over this period, the throughput (measured in bits per second) of lightwave communications systems increased from 100 Mb/s in 1970 to 10 Tb/s in present day commercial systems, which represents an astonishing 100,000-fold increase. The key technologies that fuelled this surge in capacity were wavelength division multiplexing (WDM), improved fibre design and fabrication, optical amplification and coherent detection [1] . The use of Erbium-doped fibre amplifier (EDFA) and Raman fibre amplifiers negated the need for electronic regenerators and enabled dense WDM transmission, although the success and performance of these amplifier technologies is now seen as limiting the usable fibre bandwidth to approximately 10-15 THz, ultimately limiting the maximum throughput of optical systems [2, 3] . Within the usable fibre bandwidth, the throughput can be increased by reducing the spectral guard bands between WDM carriers, increasing the cardinality of the modulation format, or through new forward error correction (FEC) schemes that require lower redundancy without loss in performance [4, 5] . The combination of these techniques can be used to increase the spectral efficiency (SE) of each WDM carrier.
However, for Nyquist-spaced WDM systems (where the spectral guard band is minimised), increasing the SE is determined by the densest constellation that can be used. Denser constellations, however, typically operate well only at high signal-to-noise ratios (SNR). Ensuring such a high SNR in WDM systems operating over a wide spectral range will result in system operation in the Kerr nonlinearity limited regime, with the maximum capacity sometimes referred to as the nonlinear Shannon limit in the literature [6, 7] . Key to the growth in both achievable system capacities and reach is the understanding of the impact of Kerr nonlinearities and chromatic dispersion and their interactions with amplifier noise. To maximise system capacity effective fibre nonlinearity mitigation is essential. To further increase the information rate, the probabilistic shaping technique is used to transmit symbol constellations with a non-uniform probability according to a certain probability mass function. As the optimum input distribution for the nonlinear fibre channel is still under investigation, a MaxwellBoltzmann probabilistic shaping is employed in our work, since it has been proved to be optimal for quadrature amplitude modulation (QAM) constellations in a Gaussian channel [8, 9] . In this paper, we consider the joint application of these techniques above and demonstrate the limit of achievable information rate (AIR), spectral efficiency and reach that can be achieved.
SYSTEM MODEL
The performance of dispersion-unmanaged optical transmission systems can be described using a concept of effective SNR [10] [11] [12] , considering the amplified spontaneous emission (ASE) noise from amplifiers and Kerr fibre nonlinearities,
where P is the average signal power, 2 ASE is the ASE noise power, 2 S S is the signal-signal interaction, and 2 S N is the signal-ASE noise interaction. The nonlinear signal-signal interaction can be described as: [13, 14] 
where is the nonlinear distortion coefficient, is the coherence factor to describe the increase of signal-signal interaction along the fibre span [15] . The signal-ASE interaction grows quadratically with the signal power and can be described as [16] :
where the pre-factor represents the accumulation of signal-ASE distortion with the transmission distance [17] . When the full-field nonlinearity compensation is applied [18, 19] , the signal-signal interaction in Eq. (2) can be completely suppressed. For EDFA and Raman amplified systems, the expression and computation of the ASE noise 2 ASE and the nonlinear distortion coefficient are detailed in Ref [13, 14] .
RESULTS AND ANALYSIS
Based on the aforementioned analytical model, the AIRs of EDFA and Raman amplified optical communication systems have been investigated for different transmission distances under the cases of electronic dispersion compensation (EDC) and full-field NLC (FF-NLC). The probabilistic shaping is also applied for the case of FF-NLC to further improved the system performance. System parameters are described as follows: fibre attenuation of 0.2 dB/km, chromatic dispersion coefficient of 17 ps/nm/km, nonlinear coefficient of 1.2 /W/km, fibre span length of 80 km, symbol rate of 10 Gbaud, channel spacing of 10 GHz. The number of channels is 501 for the EDFA system (~5 THz) and is 1251 for the Raman amplified system (~12.5 THz). The polarisation mode dispersion and the phase noise from the transmitter and local oscillator lasers are all neglected. Figures 1 and 2 illustrate the AIRs versus transmission distances for different modulation formats for the EDFA and the Raman amplified optical transmission systems, respectively. It is found that the use of FF-NLC has importantly enhanced the AIRs for all considered modulation formats in both EDFA and Raman based systems. The increase is more significant for higher-order modulation formats. For the highest considered modulation format (dual-pol 1024QAM), the use of FF-NLC produces AIRs of ~70 Tbit/s and ~215 Tbit/s for the EDFA and the Raman systems, respectively, at the transmission distance of 2000 km. This can be further improved by using the Maxwell-Boltzmann probabilistic shaping to realise AIRs of ~75 Tbit/s and ~223 Tbit/s, respectively. It can also be seen that, the 256QAM system can achieve the same AIRs as the 1024QAM system with the use of FF-NLC and Maxwell-Boltzmann probabilistic shaping, when the transmission distance exceeds 3200 km in the EDFA system and 6000 km in the Raman amplified system. This implies that the order of 256QAM is sufficient in these long-haul transmission scenarios.
Figure 2. Achievable information rates limit versus transmission distances in Raman amplified transmission systems using nonlinearity compensation and probabilistic shaping.

CONCLUSIONS
The use of FF-NLC and probabilistic shaping in enhancing AIRs has been investigated in ~ 4.8 THz EDFA and ~ 12.5 THz Raman amplified optical fibre communication systems with different modulation formats. It is found that, for 2000 km transmission, the application of dual-pol 1024QAM, full-field nonlinearity compensation and Maxwell-Boltzmann probabilistic shaping can achieve AIRs of ~75 Tbit/s for the EDFA system and of ~ 223 Tbit/s for the Raman amplified system, respectively. Our work explores the achievable performance in transmission over the standard single mode fibre which corresponds to the billions of km of optical fibre infrastructure already installed. However, the analyses are compatible with other fibre types, such as ultra-low loss and large effective area fibres, and can be used to estimate the achievable capacity of any future fibre infrastructure including the photonic crystal and hollow core fibres being researched as well as all future space-division multiplexed systems.
